In native states, animal cells of many types are supported by a fibrous network that forms the main structural component of the ECM. Mechanical interactions between cells and the 3D ECM critically regulate cell function, including growth and migration. However, the physical mechanism that governs the cell interaction with fibrous 3D ECM is still not known. In this article, we present single-cell traction force measurements using breast tumor cells embedded within 3D collagen matrices. We recreate the breast tumor mechanical environment by controlling the microstructure and density of type I collagen matrices. Our results reveal a positive mechanical feedback loop: cells pulling on collagen locally align and stiffen the matrix, and stiffer matrices, in return, promote greater cell force generation and a stiffer cell body. Furthermore, cell force transmission distance increases with the degree of strain-induced fiber alignment and stiffening of the collagen matrices. These findings highlight the importance of the nonlinear elasticity of fibrous matrices in regulating cell-ECM interactions within a 3D context, and the cell force regulation principle that we uncover may contribute to the rapid mechanical tissue stiffening occurring in many diseases, including cancer and fibrosis.
importance of fibrous nonlinear elasticity in cell-ECM interaction and disease progression.
Despite the importance of fibrous nonlinear elasticity in cell-ECM interactions, the basic cellular force regulation principle that governs cell-ECM interactions within a 3D context is still not known. This shortcoming is, in part, because of the challenge of controlling and modeling the complex mechanical properties of fibrous ECM and measuring cell-generated forces within a 3D architecture. In this paper, we present a quantitative study of how cell-generated forces mediate cell-ECM interactions within 3D collagen matrices using 3D single-cell traction force microscopy.
Results and Discussion

Controlling Collagen Nonlinear Elasticity by Varying Collagen
Concentration, Cross-Linking, and Polymerizing Temperature. We engineer an array of natively derived type 1 collagen matrices with different microstructure, initial stiffness, and strain-stiffening properties by varying collagen concentration, polymerization temperature, and preglycation with ribose. We first characterize the collagen network pore size. Type I collagen matrices have a larger pore diameter when preglycated with ribose compared with those with no preglycation at the same collagen concentration ( Fig. 1A and Fig. S1 ) (28) . Like glucose, ribose cross-links collagen through the Maillard Reaction associated with diabetes and aging but with much faster kinetics amenable to use in experiments (28) (29) (30) (31) . An increase in pore diameter also occurs when polymerizing at lower temperature ( Fig. 1B) (32) , and matrices with greater collagen concentration have smaller pores.
Significance
Mechanical interactions between cells and the ECM critically regulate cell function, including growth and migration. By measuring forces exerted by breast tumor cells embedded within collagen matrices, we reveal a positive mechanical crosstalk between the cell and ECM: cells pulling onto collagen fibers align and stiffen the matrices, and stiffer collagen matrices promote greater cell force generation. Our work highlights the importance of strain-induced fiber alignment in mediating cell-ECM interaction within a 3D architecture. The basic force regulation principle uncovered here can be extended to understand the tissue-stiffening processes occurring in many diseases, such as tumor progression and fibrosis, and better design biomaterial scaffolds to control cell behavior in tissue engineering applications.
The nine collagen matrices that we created have pore diameters that ranges from 1.8 to 5.1 μm (Fig. 1 A-C) . Note that this range compares to the 1-to 20-μm pore diameter observed in highly heterogeneous human connective tissue (33) . Also, we measure collagen matrix mechanical material properties using a dynamic shear rheometer. Here, a differential shear modulus, K, is used to describe the collagen matrix stiffness as a function of strain (definition is in Fig. 1D ). The initial differential modulus, K o , is defined as the differential shear modulus K at zero strain. K o of nine gels ranges from ∼6 to ∼900 Pa. Note that normal breast tissue has a shear modulus of ∼60 Pa and that malignant breast tumor is ∼1,300 Pa (5). Here, we have converted the compressive Young's moduli measured in ref. 5 to shear moduli assuming Poisson ratio of 0.5 (Fig. 1E) . A summary of the material properties of all nine gels is provided in Table S1 .
A fiber network model is used to study the relation between gel microstructure and its macroscale strain-stiffening properties (34) . This model includes cross-linked microstructural beams representing collagen fibers compliant in the bending, axial, torsional, and shear modes of deformation. The network model reproduces the experimentally observed initial linear behavior and the subsequent strain-stiffening response of the collagen gels at different gel densities (Fig. 1F ). More importantly, this model elucidates that strain stiffening is initiated by the reorientation of fibers and their alignment in the direction of maximum principal stretch accompanied by fiber buckling in the direction of minimum principal stretch.
One important parameter that we use to characterize strain stiffening is the stiffening onset strain, γ c , which is defined as the strain at which the shear modulus increases from its initial modulus by 10%. We find that larger pore diameter correlates with lower γ c in both experiments and numerical calculation (Fig. 1F) , and this finding is consistent with previous observation (35) . Fig. 1F shows that γ c decreases with increasing network pore size for three sets of gels at concentrations of 1, 2, and 3.5 mg/mL in both experiments and the network model.
Measuring Cell Force by Tracking Matrix Deformation and Applying a
Fibrous Network-Based Constitutive Model. Cell-generated force is measured by integrating a previously developed 3D particle tracking microscopy from the laboratory of M.W. and coworkers (36, 37) and a fiber network-based constitutive material model from the laboratory of V.B.S. and coworkers (24) . We first measure collagen matrix deformation using a 3D particle tracking microscopy (37, 38) . Breast cancer cells are embedded within a collagen matrix covalently bonded to fluorescent marker beads (Fig. S2A) , with an average bead to bead spacing of 7 μm. The 3D displacements of ∼10,000 beads are tracked in the vicinity of an actively pulling cell (37) when it is relaxed by cytochalasin D, a compound that disrupts actin filaments ( Fig. 2A) . All bead displacements along the long axis of the cell within a 15-μm-radius cylinder are then selected from the 3D displacements for additional data analysis (Fig. 2B) .
We compute cell-generated force from the bead displacements near the cell (Fig. 2B ) using a theoretical ellipsoid cell contraction model along with a discrete fiber network-inspired constitutive model (fibrous continuum model) (24) . An ellipsoid void is used to represent a cell embedded within the collagen matrix. The ellipsoid is chosen to have the same aspect ratio as the experimentally measured cell and free to contract until the displacements that it generates within the collagen matrix match those from experiments. The constitutive model for fibrous matrices considers the energetic contribution from isotropic and aligned fibers separately. A neo-Hookean hyperelastic model is used for the isotropic fibers, and a discrete fiber network-based model is used for the aligned fibers. The input to the computational model is the tracked bead displacements along the long axis of the cell as shown in Fig. 2B , Upper. The output of The first number at the top of each image is collagen concentration (1.0, 2.0, and 3.5 mg/mL); the second number is the temperature at which it is polymerized (37°C, 30°C, or 22°C). G signifies preglycation. Each image is constructed from a 100 × 100 × 4-μm reflective confocal image stack. (C) Average pore diameter of each matrix obtained by 3D bubble (49) and nearest obstacle distance (50) methods. Error bars indicate the difference in measurement between the two methods. Inset is the average fiber diameter of each matrix. The o symbol indicates measurements near the resolution limit for pore size and past the resolution limit for fiber diameter. Actual pore diameter may be less than indicated for these matrices. (D) Shear modulus of the collagen matrices was measured using parallel-plate oscillatory shear rheology configured at 0.1 Hz. The differential shear modulus, K = ∂τ=∂γ, at maximum strain amplitude is used to quantify the stiffness of the matrix. the model includes the cell-generated force and the fitted displacements (Fig. 2B) . Details of the model are described in Materials and Methods and refs. 24 and 34.
The fibrous continuum model reproduces the long-range displacements that we measure in collagen in the vicinity of pulling cells (Fig. 2B ). By contrast, alternative material models that only take into account isotropic nonlinear elasticity (but no fiber alignment) or linear elasticity do not (Fig. 2B) . Fiber-driven, strain-induced stiffening is, therefore, critical for understanding the displacements exerted by cells within collagen matrices.
From Cell to ECM: Cells Exert Sufficient Strain to Locally Align and
Stiffen Collagen Matrices. We investigate how cells perceive the ECM mechanically by measuring the cell-generated strains in all nine collagen matrices. We find that nearly all of the cells, across nine collagen matrices studied, exert compressive cell body strains (Fig. 3A) that are sufficient to cause collagen tensile strains to exceed γ c , the stiffening onset strain (Fig. 3B) . Here, γ c has been converted from shear to tensile strain by equating principal stretches (Materials and Methods) and is plotted with a magenta dashes in Fig. 3B . In addition, cells exert greater strains in lower initial stiffness matrices ( Fig. 3 A and B) . Reflective confocal imaging of the collagen network around an actively pulling cell in a 1.0 mg/mL 37°C collagen matrix shows that extensive fiber alignment accompanies the large strains recorded along the cell's polarization axis (Fig. 3C) .
Our results reveal a quantitative relation between the strains exerted by cells and the collagen gel stiffness and show that cells exert sufficient strains to locally align and stiffen collagen matrices. We note that the strain stiffening depends on the cell type and behavior. The breast tumor cells (MDA-MB-231 cell line) that we study exhibit two distinct modes of migration: amoeboid, where cells migrate in a path-seeking manner with diffuse, shortlived, integrin-independent adhesions (39) , and mesenchymal, where cells migrate in a protease-dependent manner with longlived punctate adhesions linked to the actomyosin cytoskeletal network (40, 41) . We select only those cells exhibiting mesenchymal motility (defined as aspect ratio >2.0) for measurement, because they are integrin-dependent and exert large and longlived forces. Our results show that MDA-MB-231 cells exhibiting mesenchymal motility displace their surrounding collagen matrix much more extensively than previously reported for a mixed population of amoeboid and mesenchymal cells (Fig. S2B) (42) . We note that fibroblasts exhibit even stronger strain-stiffening behavior than cancer cells of epithelial origin as reported in refs. 17 and 18.
From ECM to Cell: Stiffer Collagen Matrices Promote Cells to Generate
More Force and Stiffen Their Body. We measure cell-generated forces in all nine collagen gels using the method illustrated in Fig. 2 . We find that cell-generated force (Fig. 4A ) and cell body stiffness (Fig. 4B ) increase with initial collagen matrix stiffness. Cell-generated force and cell body stiffness also increase with the current strain-stiffened collagen stiffness at the cell tips (Fig. S3) . The average cell body stiffness along the cell's major axis is calculated knowing the cell-generated force, the surface area of the ellipsoid representing the cell, and the average cell body strain along the cell's major axis. We further investigate the spatial organization of the actin filaments within the cell by staining for f-actin. We observe actin filaments aligned in the direction of the cell's major axis more frequently in the two stiffer matrices (2 mg/mL 30°C and 3.5 mg/mL 22°C) than in the softer matrix (1 mg/mL 37°C) (Fig. 4 C-E) .
Taken together, our results show that cells respond to their mechanical environment actively; they stiffen their body via bundling of f-actin into aligned filaments internally and generate more forces when surrounded by stiffer collagen matrices.
Our finding that MDA-MB-231 cells stiffen their body and increase the amount of force that they exert within stiffer collagen matrices shows that cells are actively adapting to their mechanical environment. It has also been reported that cells, including MDA-MB-231, exert more force as the stiffness of 2D linear elastic substrate increases (43) . It remains to be explored whether such adaptability endows cells an advantage in their function. The collagen matrix is 1.0 mg/mL at 37°C. Solid lines are fits to the experimental data using three different material models: fibrous nonlinear elasticity (red), nonlinear and isotropic elasticity (black), and linear elasticity (blue). 
Spatial Range of Cell-ECM Interaction: Nonlinear Elasticity of Fibrous
Matrices Promotes Long-Range Force Transmission. By examining the displacement fields and local collagen microstructure around cells, we find that local fiber alignment (or strain stiffening) around the cell increases spatial mechanical signal transmission range. This result is also supported by the numerical simulations with a fibrous material model as shown in Fig. 5 . Matrices that have larger pores and less initial stiffness are shown to have the greatest collagen fiber alignment ( Fig. 5 A-C) . This fiber alignment is accompanied by an increased range of displacement (and force) propagation from the cell (Fig. 5 D-F) . The importance of strain stiffening or fiber alignment in spatial force transmission is also reflected in the fitting of displacement data to fibrous, neoHookean, and linear elastic models (Fig. 5 G-I) . As pore diameter increases, the fibrous model reproduces the increasingly long range of displacement propagation, whereas simpler nonlinear and linear elastic models do not.
Quantification of the relationship between the displacement transmission range and the pore size (Fig. 5J) shows that mechanical signal transmission range increases with the pore size of the collagen matrices. We also find that cells strain stiffen the collagen matrix more within larger pore matrices (Fig. S3) . The mechanical transmission range decreases with initial gel stiffness, likely because cells are less able to exert strains large enough to align collagen fibers within stiffer matrices (Figs. 3A and 5K) .
Although we are able to reproduce the displacement fields measured around many cells with a fully elastic fibrous material model, some cells have displacement fields that are highly asymmetric and cannot be accounted for with our model (Fig.  S4 ). Those cells have not been analyzed. Of 116 cells that we measure across nine conditions, 42 cells have highly asymmetric displacement fields. We hypothesize two mechanisms that contribute to the asymmetric displacement fields that we observe. In one case, cells may be within a phase of their migration cycle where force is not applied symmetrically on either side of the cell (for example, the asymmetry is caused by compression/tension at the front and back of the cell). In the other case, cells degrade collagens in the back of the cell as they migrate. Degradation is especially important for cells that are of fibroblast origin (16, 44) .
When we apply broad spectrum matrix metalloprotease (MMP) inhibition to cells within unglycated collagen matrices, cells generate less strain (Fig. S5) . Nonetheless, the cells still exert sufficient strain to stiffen the collagen matrix, showing that proteolysis is not confounding our result of significant local matrix stiffening. Interestingly, we observe that MMP inhibition imposes no change in cell-generated strain within glycated collagen matrices. We note that, in both matrices, cells adopt less circular and more asymmetric shapes under broad spectrum MMP inhibition, likely because of increased confinement.
ECMs are known to have complex material properties, in particular under large strain. Two important properties that are not yet in our material models are the history-dependent nature of ECMs (or plasticity) (Fig. S6 ) and stress relaxation (45, 46) . In our rheology measurements, significant plasticity is evident by 16% shear strain (Fig. S6 A-C) , and we have observed permanent collagen deformation in the vicinity of the cell (Fig. S6 D  and E) . Recent work has shown that collagen matrix stress relaxation is enhanced by large strains and has a timescale relevant to cell proliferation and migration (47) . These complex material properties can be incorporated into future material models.
Conclusions
By measuring the key mediator of cell-ECM interaction, single cell-generated traction force, we provide a physical mechanism that cells use to interact with their surrounding ECM. We find that the cross-talk between the cell and ECM is mediated by the straininduced fiber alignment of fibrous matrices. As cells progressively apply greater strains, they align and stiffen the collagen matrix in their vicinity. In return, stiffer collagen matrices lead to greater cell force generation. This process involves a virtuous cycle of reinforcing cell force generation and collagen strain stiffening. We provide here a quantitative description of the relation between the cell force and mechanical properties of collagen matrices, elucidating the importance of strain-induced fiber alignment in cell-ECM interactions. This basic principle has broad relevance for understanding cell-cell interactions within 3D biomatrices, with applications in both tissue engineering and cancer biology.
Materials and Methods
3D Cell Culture, Collagen Preparation, and Collagen Characterization. MDA-MB-231 cells were obtained as a gift from the Cornell University Center on the Microenvironment and Metastasis and maintained in high-glucose DMEM (Gibco; Life Technologies Corporation) with 10% (vol/vol) FBS (Atlanta Biologicals), 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco). Cells were passaged every 3-4 d and harvested for experiments when 70-90% confluent. Cells were detached with 0.05% Trypsin/0.53 mM EDTA (Corning) for 3-5 min and then, resuspended in fresh DMEM. The suspended cells in DMEM were mixed with type I collagen in 0.1% acetic acid derived from rat tails (Pel-Freez) (48) that was brought to a neutral pH by addition of sodium hydroxide. Carboxylated 1.0-μm-diameter yellow-green fluorescent beads (Invitrogen; Life Science Technologies) were mixed into the collagen to achieve 7-μm bead to bead spacing. Collagen of various microstructures was prepared by modulating concentration, ribose preglycation (29) , and temperature during the first 20 min of polymerization (38) . A custom imaging device was used to create thin, uniform 500-to 800-μm-thick collagen gels for greater control of polymerization temperature. A detailed protocol for collagen preparation is provided in SI Materials and Methods. Collagen fibers were visualized using the 40× water immersion objective of a confocal point scanning microscope in reflectance mode. The average pore diameter of each matrix was measured by the 3D bubble (49) and nearest obstacle distance (50) methods. A TA Instruments DHR3 Shear Rheometer was used for mechanical characterization of collagen gels. More details are provided in SI Materials and Methods. Bead positions were determined using a weighted centroid method, and then, bead displacements were tracked using a particle tracking algorithm described in our laboratories previously (37) , resulting in bead displacement accuracy of ∼50 × 50 × 150 nm (x, y, and z, respectively) (SI Materials and Methods and Fig. S7 ). We compute the average cell body strain along the cell's major axis as follows. We sample all beads within a 15-μm-radius cylinder passing through the two tips of the cell and plot axial displacement as a function of the axial position of the beads (as shown in Fig. 2B ). Next, we exclude all beads that are beyond the displacement maxima of the cell, leaving only those beads in the immediate vicinity of the cell. A linear regression is then applied to calculate the average deformation gradient along the cell's major axis and subsequently, the average strain (Fig. 2B) .
Actin Staining. f-Actin was visualized by fixing and staining with phalloidintetramethylrhodamine (TRITC) and capturing 3D confocal images of the cell. More details are provided in SI Materials and Methods.
Comparison of Stiffening Onset Strain in Shear with Tensile Strain at Cell Tip.
We use the stiffening onset strain, γ c , from shear rheology experiments to approximate the stiffening onset strain in uniaxial tension, e c , in the collagen at the cell tip. The principal stretch of stiffening onset in shear can be written λ c = 0.5γ C + 0.5
, and the stretch in uniaxial tension is λ c = 1 + e c . Therefore, assuming equal principal stretches, e C = 0.5γ C + 0.5 ffiffiffiffiffiffiffiffiffiffiffiffi ffi 4 + γ 2 C q − 1. Note that, in this assumption, we neglect the contribution of the volumetric change in uniaxial tension to stiffening. Stiffening in uniaxial tension may occur at a lower strain as a result.
Measurement of Cell Force, Cell Body Stiffness, and Collagen Strain at Cell Tip. The cell force was computed using the fibrous continuum model and finite element method. For the 116-cell dataset, 42 cells were not analyzed because of highly asymmetric displacement fields. Of the remaining 74 cells, 50 were selected for additional analysis. All simulations were performed in a finite deformation setting using eight-node quadratic axisymmetric elements. Details are described in ref. 24 and SI Materials and Methods. Briefly, an ellipsoid void is placed in the center of the collagen matrix. The input of the fitting is the axial bead displacements measured near the cell as shown in Fig. 2B . The output of the fitting is the fitted displacements and cellgenerated force along the ellipsoid surface. The cell-generated force along the axial direction is computed by integrating all of the forces along one-half of the ellipsoid void. Although the adjustable parameters in the fitting are the material properties, the fitted parameters are mostly close to those from shear rheology test, except for those matrices with large pore size. In those cases, the stiffening is larger in the fitting than the experimentally measured data. The larger strain stiffening in matrices with large pore size (compared with shear rheology tests) can be partially attributed to the difference in the behavior of collagen matrices under (cell-generated) tensile stress and shear stress in rheology test. Because collagen matrices align sooner under cellgenerated tensile stress, strain stiffening is expected to remarkably increase with increasing fiber alignment. The average stiffness of the cell body in the Fig. 2B . Solid lines represent the fitted displacement field from a theoretical model using fibrous, neo-Hookean, and linear elastic material models. (J and K) Distance in the cell's polarization direction at which the displacement decays 75% from maximum as a function of (J) matrix pore size and (K) initial stiffness. Displacements reach farther the larger the pore size and softer the gel. Error bars are SEM. One data point of the n = 232 is outside the plot. 95% CI, 95% confidence interval. direction of the cell's major axis was computed using the cell-generated force from the fitting, the measured cell body strain, and the measured cell geometry. Here, average cell body stiffness = cell-generated force=0.5 × ðcell surface areaÞ × ðaverage cell body strainÞ. The cell surface area is the surface area of the prolate spheroid with length and aspect ratio equal to that of the cell. The tensile strain in the collagen at the cell tip was obtained from finite element simulation of an ellipsoid cell using the fibrous continuum model. We analyze the sensitivity of our model to idealizing the cell as an ellipsoid by alternatively modeling the cell tip as conical in shape. The conical cell tip does not significantly alter displacement propagation from the cell or the total cell force (SI Materials and Methods and Fig. S8 ).
